We present the zero magnetic field phase diagram of Yb(Rh1−xCox)2Si2 for 0 ≤ x ≤ 0.27. It shows an evolution from a ferromagnetic (FM) state at x ≈ 0.27, with moments aligned along the hard crystalline electric field (CEF) direction (the crystallographic c axis), to a canted and then a pure antiferromagnetic (AFM) state with decreasing x. This confirms that the pressure induced quantum critical point in YbRh2Si2 has to be AFM in nature, in contrast to what was speculated after the discovery of FM order at x = 0.27. Measurements performed with magnetic field B c and B ⊥ c give some indications about the orientation of the propagation vector as well as of the ordered moments. Despite the huge CEF induced anisotropy the ordered moment shows a component along the c axis also in the AFM state. This work aims to help resolving the spin structure of YbRh2Si2. A comprehensive understanding of magnetic quantum phase transitions (QPTs) and associated quantum critical points (QCPs) is considered to be a fundamental step in attemping to reveal the physics of strongly correlated electrons. Despite more than 40 years of research, there are still QPTs, observed in particular in exotic metals, that are far from been understood [1] [2] [3] . This is mainly due to the complexity of these systems, the properties of which are often governed by magnetic anisotropies, competing interactions, geometric frustration, Fermi surface instabilities etc., i.e. by not just one, but multiple energy scales. This, on the other hand, results in the appearence of fascinating states of matter near QCPs, as, e.g., spin liquids [4] .
A comprehensive understanding of magnetic quantum phase transitions (QPTs) and associated quantum critical points (QCPs) is considered to be a fundamental step in attemping to reveal the physics of strongly correlated electrons. Despite more than 40 years of research, there are still QPTs, observed in particular in exotic metals, that are far from been understood [1] [2] [3] . This is mainly due to the complexity of these systems, the properties of which are often governed by magnetic anisotropies, competing interactions, geometric frustration, Fermi surface instabilities etc., i.e. by not just one, but multiple energy scales. This, on the other hand, results in the appearence of fascinating states of matter near QCPs, as, e.g., spin liquids [4] .
In this respect, a prototypical and well studied example is the tetragonal Kondo lattice YbRh 2 Si 2 [5] . Despite a large Kondo temperature T K ≈ 25 K, this compound shows antiferromagnetic (AFM) order at T N = 0.07 K that can be suppressed either by a magnetic field or chemical negative pressure to reveal an intriguing QCP [6] whose nature is still strongly debated [4, [7] [8] [9] [10] . A detailed study of the magnetic fluctuations at this QCP is hindered by the lack of knowledge of the AFM ordered structure which is due to the very low T N and the small ordered moment (10 −3 µ B /Yb) [11] . First attemps with inelastic neutron scattering have detected ferromagnetic (FM) fluctuations at low temperatures that evolve on cooling into incommensurate correlations located at q = 0.14 (r.l.u.) just above T N [12] . This agrees with previous experiments which indicate a large value of the in-plane susceptibility (9×10 −6 m 3 /mol ≈ 0.18 SI) and of the Sommerfeld-Wilson ratio (≈ 30), implying the presence of strong FM fluctuations [13] .
Although the AFM structure below T N is unknown, the large crystalline electric field (CEF) anisotropy, with very different g-factors (g c ≈ 0.2 and g ab ≈ 3.6) along the c axis and within the ab plane [14] , points to moments oriented mainly within the basal plane. Such anisotropy is seen in the uniform magnetic susceptibility which is much larger for fields applied in the basal plane as compared to fields along the c axis. Also the fields needed to suppress the AFM state are strong anisotropic, i.e., B N (⊥ c) = 0.06 T and B N ( c) = 0.66 T [15] .
In order to have better access to the AFM state, it is convenient to enhance T N and the size of the ordered moment. This was done by applying hydrostatic pressure [16, 17] which stabilizes the magnetic Yb 3+ state or by substituting the isoelectronic smaller Co for Rh: In fact, the whole series Yb(Rh 1−x Co x ) 2 Si 2 crystallizes in the same ThCr 2 Si 2 structure [18] . Increasing x has a strong effect on the relevant energy scales: i) the Kondo temperature decreases causing an enhancement of T N , ii) the CEF anisotropy becomes weaker and iii) FM correlations increases [18] . In addition, a second phase transition at T L < T N occurs [18, 19] . The nature of the phase below T L was believed to be AFM until it was discovered that Yb(Rh 0.73 Co 0.27 ) 2 Si 2 displays FM order below T N = T L = 1.3 K [20] (cf. Fig. 1 ). The big surprise was not the discovery of the FM order itself, which was already proposed by Knebel et al. [17] , but the fact that the moments are oriented along the c axis, i.e., the hard magnetic direction in a sample with a CEF anisotropy value of about 6 [14, 20, 21] for all x → 0 suggesting that the QCP of YbRh 2 Si 2 is FM in nature and are the moments oriented along the c axis also for x → 0? In this Letter, we answer both questions by showing that the FM ground state of the x = 0.27 and 0.21 compounds, with moments aligned mainly along the c axis, changes to AFM for x ≤ 0.18 through a first order phase transition located between x = 0.18 and 0.21 (white area in Fig. 1 ). In addition, we provide evidence that a component of the moments is indeed oriented along the c axis within the low temperature AFM state (AFM 2 in Fig. 1 ). The resulting phase diagram is peculiar but not unique; it reminds us of those seen in other materials close to a FM instability [3] , like NbFe 2 [22] , CeRuPO [23] or PrPtAl [24] .
We used the same high-quality single crystals described in Ref. 18 . Experiments were performed in 3 He-4 He dilution refrigerators (Oxford Instruments) in temperature and field ranges 0.02 ≤ T ≤ 5 K and −1 ≤ B ≤ 12 T. The magnetization M (T, B) was measured with a Faraday magnetometer [25] and the ac susceptibility χ (T, B) with a standard susceptometer with a modulation field amplitude of 15 µT at a frequency of 113.7 Hz. To avoid the strong torque inside the pick-up coil a special sample holder was developed [26] . We used a commercial SQUID (Quantum Design) and a 3 He option (iQuantum Corporation) to obtain absolute magnetic units. The specific heat C(T, B) was measured with a semiadiabatic heat pulse technique [27] and with a PPMS (Quantum Design). Finally, the resistivity was obtained by a standard four-terminal ac technique.
We present first in Fig. 1 the main result of our work, i.e., the zero field phase diagram of Yb(Rh 1−x Co x ) 2 Si 2 and then show how it was constructed. This will help the reader to better follow the discussion of the experiments throughout the paper. This phase diagram consists mainly of four phases: a paramagnetic phase (PM), a FM phase and two AFM phases, AFM 1 for T L < T ≤ T N and AFM 2 for 0 < T ≤ T L . In the FM phase the moments are aligned mainly along the c axis as described in Ref. [20] . In the AFM 1 phase the propagation vector has a component within the ab plane and a component of the moments is along the c axis. The latter does not change between the AFM 1 and AFM 2 phases.
In the following, we present selected data for samples with x = 0.21, 0.18 and 0.12 from which we deduce the phase diagram. A comprehensive study of the magnetic phase diagrams of all samples with B and ⊥ c will be presented in a longer forthcoming paper [26] . Fig. 2 shows several measurements performed on Yb(Rh 0.79 Co 0.21 ) 2 Si 2 with B c to look for a FM response along c and one measurement with B ⊥ c for comparison. At B = 0 we observe a large peak in the specific heat at T L ≈ 0.95 K and a broad shoulder at T N = 1.2 K which correspond to a transition of the first order (cf. red filled points in Fig. 1 ) at T L and a mean-field-like transition at T N , in agreement with Ref. [18] . The atypical form of the peak at T L is a measurement artefact due to the pulsed method used in the PPMS which is not adequate for first order phase transitions. With increasing field the transition at T L shifts to higher temperatures as expected for a FM order. The opposite is observed for B ⊥ c [28] . The magnetization M (B) with B c is displayed in Fig. 2b : Right below T N , M (B) shows a very small remanent magnetization of about 0.01 µ B with a tiny hysteresis and a metamagnetic transition at B N ≈ 0.03 T pointing to a canting of the moments. With decreasing T , the remanent magnetization and the hysteresis loop increase while B N decreases until, below T L , we have a pure FM hysteresis, as seen for x = 0.27 [20] . The remanent magnetization of 0.06 µ B along the c axis is half of that measured in the sample with x = 0.27. This reflects the higher CEF anisotropy and T K in Yb(Rh 0.79 Co 0.21 ) 2 Si 2 compared to those in Yb(Rh 0.73 Co 0.27 ) 2 Si 2 . The magnetic anisotropy is also reflected in the behavior of the ac susceptibility χ (T ) shown in Figs. 2c and 2d for B c and B ⊥ c, respectively. For B c, χ (T ) detects the transition at T N = 1.22 K in form of a broad peak but misses that at T L . This is because the modulation field of χ (T ) is smaller than the coercive field for T < T N , and below T L the coercive field becomes even larger. On the other hand, for B ⊥ c, χ (T ) detects both transitions in form of a kink and a drop at T N and T L , respectively (dashed lines in Fig. 2d ). The peak for B c becomes higher and sharper at B = 0.04 T with a signature in χ (T ) (not shown) indicating dissipation. χ (T ) reaches a value of 2.4 × 10 −6 m 3 /mol which is about four times smaller than that measured with B ⊥ c (see Fig. 2d ) [26] . For B > 0.04 T, χ (T ) broadens and loses intensity. The phase diagrams in both field directions [29] (but with moments along the easy CEF direction), and can be reproduced by theory [21, 30] .
We discuss now Yb(Rh 0.82 Co 0.18 ) 2 Si 2 : Fig. 3 shows selected measurements with B and ⊥ c. The magnetization is shown in Fig. 3a and Fig. 3b T ≤ 0.3 K the jumps become hysteretic indicating a sort of spin-flop first order transition. On the other hand, magnetization isotherms for T < T L with B ⊥ c show first a metamagnetic-like transition at B L ≈ 0.13 T [31] , confirmed by the field dependence of χ (B) (see figure in the supplementary material), and a kink at B N ≈ 0.7 T with no remanent magnetization nor hysteresis [26, 31] . The specific heat detects two second order phase transitions at T N = 1.1 K and T L = 0.65 K (Fig. 3c) [18] . Interestingly, with increasing B c, T N decreases slightly but T L does not change. Above B ≈ 0.35 T both signatures join into a common broad peak that shifts to high T with For instance, only a single broad peak is observable at T N for B c, but no feature can be seen at T L (see Fig. 3d ). This is because the slope of M (B) does not change when crossing T L (cf. Fig. 3a) . With increasing B c the peak sharpens, reaches again a value of 2.4 × 10 −6 m 3 /mol (but now at 0.25 T) and then broadens losing intensity. Finally, magnetoresistance measurements with current J ⊥ c and B c (Fig. 3e) , show a large hysteresis at B N , confirming the first order nature of the spin-flop transition. Interestingly, the temperature dependence of ρ(T ) shows a clear jump at T N (Fig. 3f) indicating the opening of a gap at the Fermi level and implying that the propagation vector in the AFM 1 phase has a strong component within the ab plane. All measurements leave us with the phase diagrams shown in Figs. 3g,h. Yb(Rh 0.82 Co 0.18 ) 2 Si 2 goes from an AFM state, AFM 1 , where we could not detect sizeble canting (i.e., remanent magnetization along c) into another AFM state, AFM 2 . Both AFM states can be suppressed by magnetic fields B and ⊥ c, but the phase transition for B c is of the first order. The first order line seems to end at a tricritical point located at about 0.9 K and 0.3 T where dissipation is observed in χ (T ) [26] . This indicates that the moments in the AFM 2 phase have a component along the c axis which flips at the critical field. The fact that T L does not shift for small fields B c implies that there is no entropy change at T L with increasing B, i.e., ∂S/∂B = 0. Maxwell relation implies that ∂M (B c)/∂T = 0 which means that there is no change in the magnetic component of the moments along the c axis at T L and only the component ⊥ c changes. This explains why the transition at T L can not be clearly seen in χ (T ) with B c, i.e., why the slope of the magnetization isotherms does not change much below T L . Most importantly, if the moments in the AFM 2 state have a component along the c axis the shape of the phase diagram suggests that this component is also present in the AFM 1 phase.
Another indication that in the AFM 2 phase the moments have a component along the c axis which flips at the critical field is given by the behavior of the nuclear Schottky contribution to the specific heat, visible as a T −3 increase in C(T )/T below 0.2 K (cf. Fig. 3c ). Yb(Rh 0.82 Co 0.18 ) 2 Si 2 has a CEF anisotropy value of about 8 [14] meaning a eight times smaller moment along the c axis than that within the ab plane. This can be also seen by comparing the magnetizations at the respective critical fields along and perpendicular to the c axis:
A change of the size of the moment implies a change in the internal field at the Yb nuclei which, due to the strong hyperfine coupling of about 100 T/µ B [32] , will provide a different contribution to the specific heat. This can be seen in Fig. 3c , where for B = 2 T the low-T enhancement of C(T )/T is much larger than that at B = 0, due to the much larger magnetization induced by the field of 2 T. The interesting feature is, however, that from B = 0 to 0.7 T there is no difference in the observed enhancement of C(T )/T vs. T below 0.2 K. If the moments at zero field were oriented completely within the ab plane a change in direction along the c axis would create a reduction of the moments of 1/8 causing a drastic reduction of the nuclear contribution. Since we do not see a big change we can assume that at the critical field only the component of the moments along c changes.
Our conclusions can have a major impact on the strategy used to find the spin structure in stoichiometric YbRh 2 Si 2 . In fact, because of the strong CEF anisotropy, the moments in YbRh 2 Si 2 are supposed to lie completely within the ab plane. If the magnetic structures of the AFM 1 and AFM 2 states found here extend to all x → 0, than there would be a good possibility to find a component of the moments along the c axis also in YbRh 2 Si 2 . On the other hand, because of the large anisotropy and the tiny ordered moment in YbRh 2 Si 2 this componentwhich would be lower than 10 −3 µ B /Yb -would be very difficult to be detected with the resolution of the standard experimental techniques. To see whether both AFM phase extend to lower x, we take a look at the phase diagrams of the next sample with x = 0.12 shown in Fig. 4 . It is very similar to that of the sample with x = 0.18 but with a larger AFM 1 area of the B − T phase diagram with B c. All measurements done on Yb(Rh 0.88 Co 0.12 ) 2 Si 2 are very similar to those done on Yb(Rh 0.82 Co 0.18 ) 2 Si 2 (see, e.g., the magnetoresistance in Fig. 3e and Fig. 4c ), but the features are weaker due to the smaller moments [26] This brings us to the main two conlcusions of our work. The phase diagram of Yb(Rh 1−x Co x ) 2 Si 2 can be drawn as in Fig. 1 with a FM ground state for x = 0.27 and 0.21 with moments along the c axis and an AFM 2 ground state where the moments possess a component along the c axis. This component becomes smaller with x → 0. This is due to two effects: i) a decreasing in size of the moments because of the increasing Kondo screening and ii) a rotation of the moments towards the ab plane. The small canted moment observed for x = 0.21 in the AFM 1 phase vanishes or is not detectable anymore for x ≤ 0.18. This might be due to the very small component of the moments along c for x ≤ 0.18 or to a slightly change in the spin structure. As a matter of fact, the shape of the B − T phase diagrams for B c suggests that between the AFM 1 and AFM 2 phases there is no change of the component of the moments along c but only within the ab plane. Therefore, the component along c should be present in the AFM 2 phase, too. It might be helpful to revisit neutron scattering experiments on YbRh 2 Si 2 to look for a component of the moments along the c axis.
We discuss now possible causes for the unusual behavior observed in the FM and AFM 1 states, i.e., that there is a substantial component of the moments aligned along the hard CEF direction which decreases with decreasing x. To our knowledge, this type of ordering has also been observed in a few other FM systems, i.e., YbNiSn [33] (Fig. 4d) shows that 59 K is strongly anisotropic, that it remains similar for all x and that it is larger within the ab plane than along the c axis, as expected. Since the anisotropy in 59 K reflects the anisotropy of the susceptibilities and is therefore proportional to (g c /g ab ) 2 , the anisotropy in the RKKY exchange can not explain the ordering along the hard CEF direction in Yb(Rh 1−x Co x ) 2 Si 2 . Anisotropy in the Kondo effect can be also ruled out. In fact, the strength of the Kondo effect seems to be similar for both CEF directions. This can be estimated from the difference between the saturation magnetization (in moderate fields) and the expected CEF moments [20] . In recent studies on CeOs 2 Al 10 [36] and CeRu 2 Al 10 [37] , it has been proposed that a weakening of the hybridization strength is behind the reorientation of the moments into the easy CEF direction. But in Yb(Rh 1−x Co x ) 2 Si 2 this is not the case, since with x → 0 the Kondo temperature increases substantially [18] . However, an intriguing possibility might be that proposed by F. Krüger et al.: The system profits from strong transversal fluctuations that drive the moments to point along the magnetic hard axis [39] .
Our results have an important consequence: The phase boundary line between the AFM 2 phase and the PM phase is first order and terminates at a tricritical point (TCP) at finite temperature (see, e.g., Fig. 3g ). If this point was shifted to T = 0 at a certain concentration between 0.12 and 0, than this point would have the nature of a field-induced quantum TCP in remarkable agreement with predictions of Misawa et al. [40, 41] and very similar to what has been observed in NbFe 2 [29] .
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